Hydroxyapatite (HA) whiskers were synthesized by a hydrothermal method and ion conductive property was investigated in order to develop HA whisker electrets for biomedical utilization. Based on infrared (IR) spectroscopy and inductively coupled plasma optical emission spectrometry (ICP-OES), the obtained whiskers were assumed to be Ca deficient HA with a composition of Ca9.18[HPO4]0.82[PO4]5.18[OH]1.18·n H2O. The results of complex impedance measurements proved that the conduction properties of whiskers and powders showed almost the same temperature dependence as those of sintered HA above 600°C. The mechanism is understood by the migration of protons originating in OHions. In the temperature range below 600°C, however, the non-linear Arrhenius relationship of conductivity (σ vs. 1/T) was only observed in the whiskers and powders. In particular, a drastic change in conductivity with temperature appeared in the whiskers within 250-600°C; the conductivity increased to 5.0 × 10 -9 S/cm at 500°C, then decreased to 1.7 × 10 -9 S/cm with the temperature elevated to 600°C. Since HPO4 2ions are reportedly supposed to convert into P2O7 4in almost the same temperature range where the drastic change in conductivity appeared, the increase in whisker conductivity up to 500°C is presumably the result of an increase in the number of mobile protons generated from HPO4 2-. The subsequent decrease in conductivity seemed to be caused by a decrease in the number of protons achieved by water elimination, causing the conversion of HPO4 2to P2O7 4-.
Introduction
In order to respond to demands in the fields of medical technology, technical innovation is constantly ongoing. We consider that one of the most promising approaches to the innovation is the utilization of biomedical electrets. Since an electret has stable electric fields on its surface, some biological effects are reasonably expected. We previously reported that some types of bioceramics with relatively high ionic conductivity could be turned into electrets under a direct electric field at an elevated temperature. 1),2) The polarized biomaterials were experimentally proved as new functionalized biomaterials that can actively manipulate biological phenomena. It is also probable that a variety of biomaterials can be subjected to the poling technique because poling is a convenient post-treatment process.
Polarized hydroxyapatite (HA, Ca10[PO4]6[OH]2, a wellknown artificial bone substitute) is a representative electret, in which the dipoles are formed by a slight shift of the protons in the structure. 3),4) For dense HA ceramics, we have already reported many actual examples of manipulating biological reaction such as the enhancement of osteoconduction both in vivo and in vitro. 5)- 8) Concerning research on HA electrets, we are also considering morphology and stoichiometry. Since HA demonstrates different chemical and mechanical properties depending on the crystal faces in the hexagonal lattice, 9) the HA whiskers with anisotropic growth orientation usually show, for example, excellent selectivity in the absorption of biological materials and good reinforcement efficiency by mixing with the other biomaterials. 10) Combining the morphology-based functions with electromagnetic functionalization via the poling treatment is leading researchers to the expectation of expanded applications of HA whiskers. For the control of electromagnetic power on the HA whiskers, however, very little study of the details of the ion conductive properties of the whiskers has been done. This paper deals with the ion conductive properties of HA whiskers from the perspective of comparing HA powders and sintered HA with isotropic growth orientations.
Experimental procedure

Synthesis of HA whiskers and powders
HA whiskers were synthesized via amorphous calcium phosphate (ACP) because large, pure crystals could be obtained when ACP was used as a precursor. 11) The procedure is briefly described below. ACP was precipitated by pouring 1.0 mol/l [NH4]2HPO4 aqueous solution into an equal volume of 0.17 mol/l Ca[NO3]2 aqueous solution. The pH of the [NH4]2HPO4 solution was adjusted to 10.5 by ammonia in advance. After washing and drying, 0.8 g of the ACP powders was ultrasonically dispersed into 24 ml of 1.0 mol/l CH3COOH aqueous solution and then 12 ml of diluted water was added to it. The prepared ACP suspension was converted into a suspension of HA whiskers under hydrothermal conditions at 210°C for 3 h in a sealed vessel. The ionic ratio of the obtained HA whiskers was analyzed by induc-
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tively coupled plasma optical emission spectrometry (ICP-OES). Alternatively, HA powders were synthesized by the wet method as follows. CaO powders were converted into a Ca[OH]2 suspension (7.0 mass%) by pouring into decarbonated water. Until the molar ratio of Ca/P reached 1.67, H3PO4 aqueous solution (28 mass%) was dropped into the suspension under stirring. After stirring for another several tens of hours, the precipitate was filtered, washed, and dried, resulting in HA powders. The morphology of the synthesized HA whiskers and powders were observed by using a scanning electron microscope (SEM). The crystal structure was identified by 2 θ /θ X-ray diffraction measurement (XRD) using Cu Kα radiation. The conditions of ionic binding were estimated by the results of infrared (IR) spectroscopy. Thermogravimetric analysis was also carried out in order to investigate the thermal water elimination from HA whiskers and powders.
Ion conductivity measurement
For ion conductivity measurements, HA whiskers and powders were isostatically pressed into compacts (ϕ 13 mm, thickness 1.0 mm) under a pressure of 150 MPa. For comparison, a dense HA pellet was also prepared by sintering the powder compact at 1250°C for 2 h. During the sintering, water vapor was introduced into the furnace in order to prevent the release of OHions from the HA.
Ion conductivity was estimated by the results of complex impedance measurements of the samples with Pt electrodes. The measurements were carried out in the air in the frequency range of 100 Hz-10 MHz with an applied AC voltage of 0.1 V. The temperature range was from room temperature to 850°C at increments of 5°C/min while 10 min intervals were provided at each measured temperature. The morphology and structural changes with impedance measurements were estimated by SEM, XRD, and IR measurements.
Results and discussion
3.1 Characterizations of as-deposited HA whiskers and powders Figure 1 shows SEM photographs of as-deposited HA crystals synthesized by the hydrothermal treatment of ACP ( Fig. 1(a) ) and by the wet method ( Fig. 1(b) ). It is clear that there is large difference in morphology between them: the former consists of large whiskers with an anisotropic aspect of 10-20 μ m in length and 1.0-1.5 μ m in width, while the latter consists of aggregates of spherical particles with a diameter of 0.2-0.3 μ m. In the XRD patterns of as-deposited HA whiskers and powders, all peaks in both are identified as diffractions of HA and there are no obvious differences in the peak positions (Fig. 2) . The lattice constant was calculated to be a = b = 9.430 (6), c = 6.884 (4) for the whiskers and a = b = 9.426 (4), c = 6.885 (2) for the powders, showing that the crystal structure of the whiskers was consistent with that of the powders. However, the peak shapes of the whiskers seemed to be broader than were those of the powders, except for a peak that originated in (002). It was also found that the relative intensity of some peaks such as (002) and (300) was different between the whiskers and powders. The coherent region for XRD diffraction along the c-and a-axes was estimated by full width half maximum of the peak of (002) and (300) using Scherrer relation; the values obtained were 0.11 μ m and 0.04 μ m for the whiskers and 0.11 μ m and 0.09 μ m for the powders.
Based on the results, the coherent region along the c-axis in the whiskers was about 3 times as large as the region for the a-axis. The smaller coherent region and the aspect ratio of whiskers in comparison with those estimated by the SEM observation indicate the aggregation of several numbers of crystalline in one whisker. Figures 3A(a) and (b) are IR patterns of the whiskers and powders. In both patterns, the characteristic absorbance that originated in the vibrations of the PO4 3and OHions in the HA structure was observed. It is generally known that the preparation of pure, large HA whiskers without CO3 2is difficult. 12),13) However, judging from the lack of typical absorption by CO3 2-( Fig. 3A(a) ), the whiskers in this study were shown to not include any CO3 2-. The peaks that originated in the stretching mode of the P-O bonds and the bending mode of the O-P-O bonds are marked with short solid lines (sharp peaks at about 962 cm -1 and broad peaks around 1030-1090 cm -1 ) and with short dotted lines (peaks at about 470, 560, and 600 cm -1 ) in the Figs., respectively. Absorbance by the OHions is marked with solid cones; the peaks at about 630 cm -1 and 3570 cm -1 were attributed to the librational and stretching modes. The good agreement in the positions of the above-described peaks with those reported by Koutsopoulos 14) suggests that both of the whiskers and powders synthesized in this study have basically the same ionic binding energy in the PO4 3ion and OHion with that of stoichiometric HA. However IR absorption by the OHions in the whiskers was lower than that in the powders. The relative peak intensity of OHlibration (630 cm -1 ) against O-P-O bending (470, 560, and 600 cm -1 ) was 28.1% for the whiskers and 41.4% for the powders. This fact probably means that the OHcontent in the whiskers is about 68% when the content in the powders is assumed to be 100%. Furthermore, in the case of whiskers, an additional peak and shoulder appeared at around 870 cm -1 (see magnified patterns in Fig. 3B ) and 1145 cm -1 , indicating the presence of HPO4 2ions in HA. It was reported that absorbance peaks at 962 cm -1 and around 1020-1100 cm -1 also appeared in the IR pattern if HA includes HPO4 2-. 14) A little difference in the shapes around the peaks of O-P-O bending between the whiskers and powders is also thought to arise from the presence of 
JCS-Japan
HPO4 2ions in the whiskers. Actually, as a result of ICP-OES measurement, Ca/P molar ratios were calculated to be 1.53 for the whiskers and 1.63 for the powders. Considering these results, the ionic composition of the whiskers was calculated to be Ca9. 18 The thermogravimetric behavior of the HA whiskers and powders is shown in Fig. 4A , where x denotes molar water elimination per molar composition of Ca10-z[HPO4]z[PO4]6-z[OH]2-z (z = 0.82 for whiskers and 0.22 for powders). It can be found that the total water eliminated from the whiskers was significantly greater than that from the powders. Based on the temperature differentiation of the thermogravimetric behavior, water elimination from the whiskers seems to progress through mostly four stages that occur in the temperature ranges of 25-250°C (peak maximum: 80°C), 250-400°C (peak maximum: 340°C), 400-600°C (peak maximum: 550°C), and 700-900°C (peak maximum: 790°C) (Fig. 4B ). According to previous reports, 18)-20) the first stage is the elimination of adsorbed water from the surface and fine pores. The significantly larger mass loss from the whiskers than from the powders at this stage is consistent with the results of IR measurement, in which the greater IR absorption by the adsorbed water (around 3000-3800 cm -1 ) was detected in the whiskers compared with the powders. In contrast, it is known that calcium deficient HA has lower thermal stability than does stoichiometric HA and it decomposes into stoichiometric HA and β-tricalcium phosphate (TCP) via the following reaction: 17),21)
In this reaction, the formation of β-TCP occurs around 700-900°C after HPO4 2is slowly converted into P2O7 4in the temperature range of 300-680°C accompanied by water elimination (2 HPO4 2-→ P2O7 4-+ H2O). By recognizing that the whiskers consisted of calcium-deficient HA, the loss of mass in the second and third stages is assumed to occur due to the conversion of HPO4 2into P2O7 4 In the case of the powders, a very small loss of mass was observed in the temperature range of 300-680°C and no loss of mass was detected around 700-900°C. The observation indicates that the thermal stability of powders with small deficiencies is great enough to prevent thermal decomposition into β-TCP at temperatures below 1000°C.
Ion conduction property of HA whiskers
In Figs. 5A, B , C, and D, the typical impedance responses of the whisker compact (denoted by solid circles) and powder compact (denoted by open circles) at 250, 500, 600, and 850°C are shown as complex impedance plots with those of the sintered HA (denoted by open rhombi) as the reference. All plots consisted of a single semicircle described by a simple equivalent circuit of one capacitance and one resistance in parallel. Because the resistances of the crystalline grains and the grain boundaries were not separated, the conductivity was calculated by the total resistance of the grains and the grain boundaries. To eliminate the effects of void volume, the values were corrected by relative densities (whisker compact: 62% against Ca9. 18 [HPO4]0.82 [PO4]5.18[OH]1.18, powder compact: 57% and sintered pellets: 96% against HA). The obtained conductivity is shown as the Arrhenius relationship ( Fig. 6) , showing that the three samples exhibited almost the same temperature dependence in the higher temperature range above 600°C. The linear increase of conductivity with the inverse of temperature is characteristic of the preferential ion conduction mechanism. As briefly described in the introduction section, conductivity in sintered HA has been reported to be the result of the migration of protons supplied by OHions in the HA structure. The activation energy of the proton migration through OHions in HA is a relatively higher value of around 1 eV, 1) which shows good agreement not only with the activation energy of sintered HA in this study (1.03 eV) but also the values of the whisker compact (1.03 eV) and powder compact (1.09 eV) for temperatures above 600°C. This suggests that the conductivity of the whiskers and powders is also attributed to the protons in the OHions in this temperature region. In contrast in the temperature range below 600°C, it is interesting to note that the non-linear temperature dependence of conductivity could be observed in the whiskers and powders, while the conductivity of the sintered HA was difficult to calculate because of the detection limit of the impedance. In particular, the whiskers showed the unique behavior that the conductivity once increased to around 5.0 × 10 -9 S/cm and then decreased with temperature from 500 to 600°C. The conductivity of whiskers at 500°C was about one order of magnitude greater than powders at the same temperature and corresponded to the value of the whiskers at 700°C. It was assumed that the non-linear relationship probably came from the multiple ion migration mechanism. Figs. 7(a) and (b) ) the impedance measurements. Because the non-linearity in the Arrhenius plot was observed below 600°C, the observation was also conducted for the surface after the measurement at 600°C (3 in Figs. 7(a) and (b)). As for the whisker compact, whisker shaped crystals (2) (3) (4) μ m long and 0.1-0.3 μ m wide) could be observed in both photographs 1 and 2 with no change in morphology after the measurement at 600°C. There seemed to be no relationship between conductivity and morphology. The smaller size of the whiskers than the as-deposited ones (see Fig. 1(a) ) was probably caused by partial collapse of the grain under the high pressure while the compact was formed. In contrast, it was found that the morphology in Fig. 7 (a)-3 was slightly different compared to Figs. 7(a)-1 and 2, suggesting that the morphology change from the anisotropic shape to the isotropic shape occurred during the temperature elevation from 600°C to 850°C. The Arrhenius plot of the whiskers, however, showed the linear relationship in this temperature region as described in the paragraph on the ion conductive properties. Considering this, proton conduction above 600°C probably occurred over a short distance within the crystal, which was little affected by changes in the sizes of the secondary particles. In the case of the powder compact, the morphology seemed not to change during the measurement from room temperature to 850°C.
Thermal change of HA whiskers after impedance measurements
The change of crystal structure in the samples after the impedance measurement was estimated by the XRD patterns of the surface of the whisker compact ( Fig. 8(a) ) and powder compact 
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( Fig. 8(b) ). 1, 2, and 3 correspond to the patterns before the impedance measurement, after the measurement at 600°C, and at 850°C, respectively. For reference, the patterns of the as-deposited samples (pattern 0) are shown in Fig. 8 . Compared to Fig.  8(a) -0, the intensity of (002) diffraction in Figs. 8(a)-1, 2 , and 3 drastically decreased instead of the increase in diffraction from (300). This was surely caused by the effect of preferred orientation of the whiskers on the surface of the compact. Similarly, the difference in relative intensity observed among Figs. 8(a)-1, 2 , and 3 seems not to be the result of the structural change during the impedance measurement but to the difference in the condition of the preferred orientation from lot to lot introduced during formation of the compact. There were no obvious changes in the diffraction positions (2θ) that originated in HA among all whisker samples, whereas the additional peaks from β-TCP (denoted by solid cones) appeared only in Fig. 8(a) -3. Based on these results, it was assumed that the unique conductivity profile of whiskers below 600°C was not the result of a change of the crystal structure, and the ion conduction mechanism above 600°C was free from the influence of β-TCP generation. As for the powder compact, there seemed to show no changes in peak position during the impedance measurement from room temperature to 850°C. The result also indicates that the presumed multiple mechanisms in conductivity below 600°C were not brought about by structural change .  Figures 9(a) and (b) are the IR patterns of the whiskers and powders before the impedance measurement (1), after the measurement at 600°C (2), and after the measurement at 850°C (3). During the temperature elevation from 600°C to 850°C, a significant change in the pattern attributable to the generation of β-TCP was observed in the whiskers. However, this change was considered as having no influence on proton migration in the HA crystal as judged by the linear relationship in the Arrhenius plot. In contrast, in the temperature range below 600°C, it was found that absorbance around 1030-1090 cm -1 (stretching mode of P-O bonds in PO4 3ion) sharpened slightly after the measurement at 600°C in both the whisker and powder patterns. In addition, as for the whiskers, the absorption at 870 cm -1 that originated in HPO4 2disappeared after the measurement at 600°C. These results support the interpretation of mass loss in the TG curves ( Fig. 4 ) that HPO4 2in the calcium-deficient HA converted into P2O7 4at the second and third stages (250-600°C). The drastic change in whisker conductivity was observed in almost the same temperature range from 250 to 600°C, indicating that the HPO4 2had a close correlation to the ion conduction in the whiskers. By plotting the TG curves on the Arrhenius plots of conductivity ( Fig. 10) , it was found that the conductivity changes are closely related to water elimination. In the temperature range low enough to allow the adsorbed water to exist on the surface, proton conduction is supposed to occur via the adsorbed water. This kind of surface conduction usually decreases with an increase in the temperature because the conduction path decreases with the elimination of adsorbed water, whereas the probability of generation of movable carriers increases with temperature. The apparent non-linear relationship between σ against 1/T below 250°C was probably caused by the binary interaction of the decreasing and increasing conduction through adsorbed water with temperature elevation. In contrast, based on the results of TG and IR measurements, the temperature range of 250-400°C corresponds to the second stage where the proton in HPO4 2has high mobility for conversion into P2O7 4-. The amount of water eliminated during the heating from 250°C to 400°C was estimated to be about x = 0.26 for the whiskers (Fig. 4A(a) ). Since a value of x = 0.41 is obtained for the complete conversion from HPO4 2to P2O7 4-, it was considered that the protons were retained within the whiskers up to at least 400°C. By taking into account the existence of two main stages of the second and third stages during the conversion, suggestion of the following two-step reactions was possible: Fig. 8 . XRD patterns of (a) HA whiskers and (b) HA powders. Pattern 0 represents the diffraction from as-deposited whiskers and powders, pattern 1 represents the diffraction from the surface of compacted samples before impedance measurement, and patterns 2 and 3 represent the surface of compacted samples after impedance measurement at 600°C and 850°C, respectively. Fig. 9 . IR spectra of (a) HA whiskers and (b) HA powders. Spectrum 1 represents IR absorption by samples before impedance measurement and spectra 2 and 3 represent IR absorption by samples after impedance measurement at 600°C and 850°C, respectively. The high conductivity at the second stage is presently attributed to the proton migration (δ H + ) in the HA lattice. The subsequent decrease of conductivity at the third stage might result from the decrease in the number of protons generated with the water elimination. In the case of the powders, the same mechanism was basically supposed to cause the non-linear behavior in conductivity below 600°C, while the degree of change was much smaller than that in the whiskers.
Conclusion
HA whiskers synthesized via ACP were proved to be Ca-deficient HA with a Ca/P molar ratio of 1.53. The HPO4 2in the Cadeficient whiskers was responsible for the high ionic conductivity in the temperature range of 250-600°C. Since the practical temperature for the poling of HA is 200-500°C based on our previous studies, the high ionic conduction below 600°C in Ca-deficient whiskers can be used for controlling the poling conditions. Furthermore, it seems to be possible to attain higher conductivity by controlling the concentration of HPO4 2-. Because of the excellent selectivity in the adsorption of biological materials and electromagnetic functionalization, HA whiskers are expected to play an important role in the expansion of biomedical applications. The polarization properties of a series of Ca-deficient HA whiskers and the poling effect of HA whisker electrets on biological materials are currently being studied.
